The three million basepair genome of Sulfolobus solfataricus likely undergoes depurination/depyrimidination frequently in vivo. These unrepaired abasic lesions are expected to be bypassed by Dpo4, the only Y-family DNA polymerase from Sulfolobus solfataricus. Interestingly, these error-prone Y-family enzymes have been shown to be physiologically vital in reducing the potentially negative consequences of DNA damage while paradoxically promoting carcinogenesis. Here, we use Dpo4 as a model Y-family polymerase to establish the mechanistic basis for DNA lesion bypass. While showing efficient bypass, Dpo4 paused when incorporating nucleotides directly opposite and one position downstream from an abasic lesion due to a drop of several orders of magnitude in catalytic efficiency. Moreover, in disagreement with a previous structural report, Dpo4-catalyzed abasic bypass involves robust competition between the Arule and the lesion loop-out mechanism, and is governed by the local DNA sequence. Analysis of the strong pause sites revealed biphasic kinetics for incorporation indicating that Dpo4 primarily formed a nonproductive complex with DNA which converted slowly to a productive complex. These strong pause sites are mutational hot spots with the embedded lesion even affecting the efficiency of five to six downstream incorporations. Our results suggest that abasic lesion bypass requires tight regulation to maintain genomic stability.
Running Title: Pre-steady state kinetic studies of abasic lesion bypass
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Numerous DNA-damaging agents continuously attack the cellular genome and generate a myriad of DNA lesions. Although a majority of these lesions are repaired by DNA repair pathways, some damage evades repair. Unrepaired lesions arrest DNA replication by inhibiting replicative DNA polymerases. However, a recently identified class of low fidelity enzymes, known as the Y-family DNA polymerases, can replicate through DNA damage and rescue cells from apoptosis. In humans, four Y-family DNA polymerases have been identified (1) . Due to its thermostability and ease of purification (2) we have decided to use Sulfolobus solfataricus DNA polymerase IV (Dpo4) as a model Yfamily DNA polymerase to study the mechanistic basis of DNA synthesis. Dpo4, which retains catalytic activity at 37 °C, has been shown to exhibit a low fidelity in the range of 10 -3 to 10 -4 , or one error for every 1,000 to 10,000 nucleotides incorporated on undamaged DNA as revealed by our presteady state kinetic studies (3) and by both steady-state kinetics and a forward mutation assay performed by others (2, 4) . Notably, Dpo4 and a human Y-family member, DNA polymerase κ (hPolκ), are both DinB homologs and have been shown to possess very similar error rates (5, 6 ), yet, a previous study (2) suggests that the lesion bypass properties of Dpo4 are more similar to eukaryotic DNA polymerase η (Polη). As such, due to its functionally and structurally conserved features with respect to other Yfamily enzymes, Dpo4 is considered to be the archetypical Y-family DNA polymerase for studies elucidating the mechanism and function of this novel class of enzymes.
Careful kinetic analysis of the mechanistic basis of nucleotide incorporation into undamaged DNA catalyzed by the Yfamily DNA polymerases has been reported for yeast Polη (7), Dpo4 (3, 8) , and Dbh (9) . However, besides studies reporting several kinetic parameters and mutation profiles for the bypass of 7,8-dihydro-8-oxodeoxyguanine (8-oxodG) by yeast Polη (10) , and for the bypass of a cis-syn thymine-thymine (T-T) dimer catalyzed by yeast Polη (11) , thorough mechanistic analysis of a Y-family polymerase promoting lesion bypass has not been reported. In this paper, we report the first comprehensive characterization of the mechanism of lesion bypass catalyzed by Dpo4 through rigorous pre-steady state kinetic analysis. It has been well established that apurinic/apyrmidinic (AP) † † sites resulting from the hydrolytic cleavage of the Nglycosidic bond are among the most abundant lesions encountered in a mammalian cell (12) with approximately 10,000 spontaneous AP sites generated in each cell every day (13, 14) . It is plausible that AP sites will be generated at a similar or higher frequency in S. solfataricus since this aerobic crenarchaeon propagates at roughly 80 °C (15) . While replication past these noninstructive lesions is a mechanistic challenge, replicative and repair DNA polymerases have been shown to preferentially incorporate dATP, although inefficiently, opposite the AP lesion in a phenomenon known as the A-rule (16) . Yet, recent structural studies have concluded that instead of the A-rule, Dpo4, and thus other DinB homologs, almost exclusively uses the template base 5' to the lesion (referred to as the 5'-rule) to instruct nucleotide incorporation during AP bypass (17) . However, our thorough examination of the kinetic effects of AP bypass has clearly illustrated a sequence dependent competition between these two pathways in disagreement with the conclusions from these previous structural studies.
Experimental Procedures
Reaction buffer R Buffer R contains 50 mM HEPES-NaOH (pH 7.5 at 37 °C), 5 mM MgCl 2 , 50 mM NaCl, 5 mM DTT, 10% glycerol, 0.1 mM EDTA, and 0.1 mg/ml BSA (3). All concentrations reported here refer to the concentration of components after mixing. All reactions, unless noted, were carried out at 37 °C.
Running start assay
Experiments were carried out in a rapid chemical quench flow apparatus (KinTek) by rapidly mixing an aliquot (15 µl) of a solution containing 100 nM 5'-[ 32 P] DNA and 100 nM Dpo4 preincubated in buffer R with an aliquot (15 µl) containing all four dNTPs (200 µM each) for times ranging from milliseconds to minutes followed by quenching with 0.37 M EDTA. The nucleotide incorporation pattern was resolved by sequencing gel analysis. Assays performed with PolB1 were carried out using the same buffer and reaction conditions used for Dpo4. 
Determination

Electrophoretic mobility shift assay
Mobility shift titrations were conducted using a 4.5% native polyacrylamide gel with a running buffer (50 mM Tris-Acetate, pH 7.5 at 23 °C, 5.5 mM Mg(OAc) 2 , and 0.5 mM EDTA). Dpo4 (15 nM to 425 nM) was titrated into a solution of 5'-[ 32 P] DNA (100 nM) in buffer R at 23 °C. Aliquots of the titration were loaded into the native gel and run at a constant voltage of 80 V for 30 minutes at 23 °C. The dried gels were exposed to a PhosphorImager and quantitated. The concentration of Dpo4•DNA was plotted against the concentration of Dpo4 and fit using eq 3:
(3) where E o represents the active enzyme concentration and D o the DNA concentration.
Results
Previously we exploited transient-state kinetic analyses to measure the fidelity and establish a minimal kinetic mechanism for single nucleotide incorporation into an undamaged DNA substrate catalyzed by Dpo4 (3, 8) . These results demonstrated that Dpo4 uses an induced-fit mechanism to select a correct nucleotide as observed for several replicative and repair polymerases (18) and another Yfamily DNA polymerase, yeast Polη (7). This mechanism served as a foundation to establish the mechanistic basis for bypassing DNA lesions such as AP sites, catalyzed by Dpo4. Notably, natural AP sites exist as an uneven mixture of four species, with the equilibrium favoring the two anomeric hemiacetals over the two open chain aldehydes (19, 20) . However, the aldehydic forms are subject to β-elimination and subsequent scission of the DNA backbone, producing a heterogeneous mixture of DNA substrates. Due to this instability, we have chosen to perform our studies with the stable AP analog tetrahydrofuran (THF) since a homogeneous population of DNA substrates is requisite for rigorous kinetic studies. Most crystal structure studies and kinetic assays involving APcontaining DNA have been carried out using THF (17, (21) (22) (23) (24) (25) (26) . Moreover, THF has been shown to retain the biological properties of the natural AP site in vivo (27) .
Bypassing an AP lesion
To investigate the response of Dpo4 to an AP lesion, we designed a "running start" assay (Experimental Procedures) such that the effect of the AP lesion on DNA synthesis could be determined via observation of the polymerization pattern over time at 37 °C for reasons described previously (3) . Elongation of 5'-[
32 P]-labeled 17-mer/41AP (Table I ) proceeded rapidly up until the template AP site where the incorporation pattern showed two consecutive strong pause sites (Fig.1B) , corresponding to incorporation opposite the AP site and its extension. At these two strong pause sites, the nucleotide incorporation pattern showed a significant accumulation of intermediate products 21-mer and 22-mer (Fig.1B) , suggesting slow turnover. Nonetheless, the AP site was bypassed relatively efficiently by Dpo4 (full-length product was observed at 40 s) and subsequent downstream incorporation was not significantly perturbed by the embedded AP lesion. In comparison, Dpo4 pausing was not observed and the full-length product was formed after 10 s (Fig.1A) in the control reactions with an undamaged 17-mer/41CTL (Table I ). Interestingly, Dpo4 was able to catalyze blunt-end addition to the full length 41-mer to generate 42-mer as described previously (28) . Notably, the same running start assay was performed with S. solfataricus replicative DNA polymerase PolB1, and showed no bypass of the AP site, instead stalling predominantly one nucleotide preceding the lesion (Supplementary Figure  1B) .
Measurement of the binding of Dpo4 to DNA containing an AP site
It is well established that AP sites have a destabilizing effect on the DNA duplex stability (29, 30) and conformation (31, 32) . It is thus plausible that the strong pause sites observed proximal to the lesion (Fig.1B) could be due to reduced binding of Dpo4 for the APcontaining DNA. To evaluate this hypothesis, the electrophoretic mobility shift assay (EMSA) was employed to measure overall binding affinity of Dpo4 to a series of lesion containing DNA substrates. In these substrates, primers of increasing length were designed (Table I) Fig.2A) to be 36 ± 2 nM (Fig.2B) . Similarly, the K d for the binding of Dpo4 to undamaged 21-mer/41CTL was estimated to be 10 ± 2 nM. This value was very similar to 11 ± 1 nM which was measured previously using active site titration (8) suggesting that EMSA was a reliable assay to measure the K d of the Dpo4•DNA binary complex. Our kinetic analysis (see below) indicated that while incorporation opposite the AP site (first pause site) was ~210-fold slower than a matched incorporation, 90% of the incorporation events at this site were either dATP or dCTP, suggesting two dominant pathways to bypass the AP lesion. To observe the effect of an AP site on DNA binding to Dpo4, the DNA substrates assayed were designed to precisely represent the sequence contexts at the two strong pause sites as well as at both upstream and downstream nonpause sites (Fig.1B) with either adenine or cytosine opposite the AP site when applicable (Table   II) . Interestingly, the Dpo4-binding affinities at the two strong pause sites were less than 4-fold lower than their corresponding controls while at nonpause sites all the K d values were within 2-fold of their corresponding control substrates (Table II) . Thus the flexibility from the AP lesion did not significantly perturb Dpo4 binding and therefore was not the major contributor to the observed strong pausing of Dpo4 in Fig.1B . However, the local structural flexibility at the AP site may hinder nucleotide incorporation. We subsequently hypothesized that these strong pause sites were generated by a significant decrease in the incorporation efficiency of an incoming nucleotide.
Efficiency of nucleotide incorporation in the vicinity of the AP lesion
To test the aforementioned hypothesis, single turnover kinetic experiments used previously (3) were employed to measure the maximum incorporation rate constant (k p ) and the K d of an incoming dNTP which are used to calculate catalytic efficiency (k p /K d ). Initially we measured the k p and K d for nucleotide incorporation into 21-mer/41AP, corresponding to the DNA substrate at the first pause site where the AP site was the first 'templating' position. Notably, this substrate also contained a template guanine immediately 5' to the AP site ( Table I ). Assuming that Dpo4 would follow the A-rule for incorporation opposite the AP site, a solution containing Dpo4 (120 nM) was preincubated with 5'-radiolabeled 21-mer/41AP (30 nM) and reacted with increasing concentration of dATP for various times (Experimental Procedures). The resulting product concentrations were plotted against reaction time and fit to eq 1 (Experimental Procedures) to yield individual k obs values at each corresponding dATP concentration (Fig.3A) . The extracted k obs values were then plotted against the dATP concentration and fit to eq 2 (Experimental Procedures) to yield a k p of 0.015 ± 0.002 s -1 and a K d of 490 ± 173 µM (Fig.3B ). The k p /K d of dATP was then calculated to be 3.1 x 10 -5 µM -1 s -1 (Table III) , which was ~2,520-fold slower than a matched nucleotide incorporation into the control substrate 21-mer/41CTL (3). Strikingly, we observed that the catalytic efficiency for this and the remaining three nucleotide incorporations (dCTP, dGTP, and dTTP) into the 21-mer/41AP substrate dropped to the level observed previously for incorrect
. Similar results were observed for all incorporations at the second pause site (Table III) where incorporation efficiencies were in the range of 10 -4 -10 -6 µM -1 s -1 . Since all the catalytic efficiencies for incorporations at these two strong pause sites were of similar magnitude (Table III) and several orders of magnitude smaller than a correct incorporation into the undamaged DNA (3), these data kinetically justified our hypothesis that the strong pause sites were caused by a significant reduction in catalytic efficiency.
Many previous studies have demonstrated a proclivity of DNA polymerases to preferentially incorporate dATP opposite an AP site (A-rule). (3), and were 39-fold and 6-fold less likely to be incorporated, respectively (Table III) . The kinetic preference (1.7-fold) for dCTP over dATP incorporation may be due to the formation of a WatsonCrick basepair between dCTP and the template guanine 5' to the AP site. To evaluate this hypothesis, we synthesized a template 22AP that was identical in sequence to 41AP, except that it lacked all the template bases 5' to the AP site (Table I) . Upon measuring the catalytic efficiency for each single nucleotide incorporation into 21-mer/22AP, we observed dCTP was incorporated 33-fold less efficiently than dATP, indicating that the template information 5' to the AP site significantly influenced nucleotide incorporation (Table  IV) . These results, coupled with structural analysis (17) and additional data from our laboratory (see Discussion) demonstrated the existence of two competing pathways for bypass of an AP site catalyzed by Dpo4; the A-rule and the previously described 5'-rule (17) which involves incorporation directed by the template base 5' to the lesion in the context of an extrahelical AP site (Scheme 1).
Nucleotide incorporation downstream from the AP site
Under single turnover conditions, we also determined the incorporation efficiency of each dNTP for several downstream incorporation events from the AP site (Supplementary Tables I and II) . Our data revealed that the effect from the embedded AP site on nucleotide incorporation decreased with distance, regardless of the pathway (Arule or 5'-rule) (Fig.4) Tables I and II) . For each substrate listed in Table V , only the two dNTPs relevant to the looped-out and realignment pathways were shown. The realignment% values indicated that the looped-out branch pathway was dominant to the realignment pathway especially when the embedded AP lesion was further from the nascent basepair.
Sequence dependence of the 5'-rule
To determine if the 5'-rule was sequence dependent, we measured the kinetic parameters (Supplementary Table III) for nucleotide incorporation into two additional DNA substrates, AP-1 and AP-8 (Table VI) , where the template base immediately 5' to the AP site was changed to an adenine and a cytosine respectively (thymine is irrelevant in this context). Interestingly, the competition between the A-rule and the 5'-rule pathways was similar in magnitude for both AP-1 and AP-8 as observed with the substrate containing a 5' template guanine (21-mer/41AP, Table III ). For the AP-1 substrate, the competition between the A-rule and 5'-rule was indistinguishable while for the AP-8 substrate, the A-rule was favored by ~4-fold. All other incorporations, therefore incorporations other than dCTP (21-mer/41AP)/dTTP (AP-1)/dGTP (AP-8) or dATP into these three DNA substrates were on average 18-fold less likely to occur (Supplementary Table III) . Incidentally, incorporation of dTTP (16.5%) had a similar probability to the incorporation of dGTP (17.3%) into AP-8 (Supplementary Table III ), yet could not be explained based on these two bypass pathways. We had previously reported a similar observation where Dpo4 incorporated nucleotides onto a blunt-end DNA substrate with the following preference: dATP>dTTP>dCTP>dGTP (28) . In addition, a previous report demonstrated a nearly equal probability of incorporation of dATP and dTTP opposite this lesion in vivo (33) . Ultimately, we do not know the reason for the increased probability of dTTP incorporation into AP-8, but we suspect this trend is likely polymerase-dependent. Intriguingly, in these three sequence contexts (21-mer/41AP, AP-1, and AP-8), the preference for the A-rule was only observed in the presence of a 5' template cytosine. Thus, due to the inherent ambiguity in the nomenclature for the 5'-rule (17) as revealed by our aforementioned sequence dependence studies, we have decided to rename the pathway the 'lesion loop-out mechanism' from hereafter.
Incorporation of a nonhydrogen bonding nucleotide analog opposite an AP lesion Interestingly, previous studies have shown that yeast Polη requires Watson-Crick hydrogen bonds for efficient incorporation, unlike the geometric discrimination that helps govern the fidelity at the active sites of replicative DNA polymerases (34) . To determine the effect of a nucleotide analog that lacked the ability to hydrogen bond with a template base on the incorporation opposite an AP site by Dpo4, we measured the k p /K d of pyrene nucleoside 5'-triphosphate (dPTP, Supplementary Figure 2 ) with 21-mer/41AP. dPTP served as a bifunctional probe due to its inability to hydrogen bond and its robust base-stacking abilities, attributed to its resonance stabilized aromatic ring system. The single turnover experiments were carried out as described above and we determined the k p to be 0.26 ± 0.02 s -1 , the K d to be 24 ± 4 µM (Supplementary Figure 2) , and the k p /K d to be 1.1 x 10 -2 µM -1 s -1 which was, strikingly, 358-and 205-fold higher than dATP and dCTP incorporation respectively (Table III) . The 20-fold higher ground-state binding affinity of dPTP over dATP (Table III) indicated base stacking was the main contributor to the binding affinity of a nucleotide opposite an AP lesion at the Dpo4 active site.
Biphasic kinetics of nucleotide incorporation at the first pause site
To provide a more detailed analysis for the kinetics of nucleotide incorporation at the first strong pause site, a preincubated solution of Dpo4 (120 nM) and 5'-[ 
(4) where E o represents the total enzyme concentration, A 1 and A 2 represent the fast and slow phase reaction amplitude respectively, and k 1 and A 2 of 18.2 ± 5.9 nM (or 60.7%) (data not shown). Although Dpo4 was in molar excess to initially ensure all DNA substrate was bound, neither time course reached full amplitude (80% for dATP, and 84% for dCTP), suggesting that a portion of Dpo4 bound to the DNA substrate either dissociated or was unable to change from a nonproductively bound state to a productively bound state competent for catalysis.
Discussion
The evolution of DNA repair pathways has provided cells with several different mechanisms to detect and eliminate DNA damage. However robust these systems may be, a population of DNA lesions will persist, halting the progression of the replication machinery and jeopardizing cell survival. With the recent discovery of a group of polymerases that promiscuously replicate through various types of DNA damage, we now know that lesion tolerance is a bona fide mechanism to rescue stalled replication forks. Here, we use the powerful techniques of presteady state kinetics to dissect the mechanism of lesion bypass by the Y-family member Dpo4 as it approaches, incorporates across from, and synthesizes downstream from an embedded AP site lesion. Bypass of an AP lesion by Dpo4 was accomplished very efficiently in comparison to the replicative DNA polymerase PolB1 from S. solfataricus, which was completely stalled by the same AP lesion even after ten minute incubation under the same reaction conditions (Supplementary Figure 1) . However, in the process of AP lesion bypass, intermediate product accumulation indicated that Dpo4 paused strongly at one nucleotide preceding the AP site, which has never been reported previously, and at the position opposite the lesion. This strong pausing (Fig.1B) suggested a perturbation in the mechanism of nucleotide incorporation during bypass. Table III demonstrated that Dpo4 preferentially incorporated dATP and dCTP when it bypassed a template AP site containing a guanine 5' to the lesion (Table I) . While dATP was likely incorporated via the A-rule, incorporation of dCTP was governed by a different mechanism. Due to the well established structural flexibility of AP site lesions in DNA (29, 30, 35) , the preference for dCTP led us to hypothesize that this nucleotide could be incorporated via a mechanism directed by the downstream template guanine involving an extrahelical AP site. Further evidence showing: i) loss of the preference of dCTP incorporation into 21-mer/22AP (Table IV) relative to 21-mer/41AP (Table III) ; ii) extension assays of Dpo4 with the 21-mer/41AP (Table I) in the presence of dideoxynucleotides showing full-length products containing -1 deletions (data not shown); and iii) crystal structure evidence showing the ability of Dpo4 to 'loop-out' an AP site (17) , led us to conclude that incorporation of dCTP was due to the lesion loop-out mechanism (Scheme 1). Structure analysis showed the looped-out AP lesion can be accommodated in the cavity between the finger and little finger domains (17) . In contrast, replicative DNA polymerases have been found to only follow the A-rule to bypass an AP site. This is due to their lack of the aforementioned structural cavity to accommodate the extrahelical AP site. Intriguingly, this kinetically observable intermediate in the A-rule pathway for Dpo4 was not able to be crystallized (17) . This could be due to its weak thermostability or transient lifetime which makes it difficult to be captured by X-ray crystallography. Thus we conclude that AP bypass by Dpo4 follows both the Arule and the lesion loop-out mechanism (Scheme 1) as opposed to strictly the latter as concluded previously (17) .
Kinetic studies reveal competition between two bypass pathways Our kinetic data in
AP lesion bypass via different pathways
Interestingly, the preference of these two pathways in Scheme 1 depended on the identity of the template base immediately 5' to the AP site (Table VI) . When the 5'-base to the AP site was cytosine, the A-rule was preferred by 3.7-fold, indicating the mechanism of AP bypass was sequence dependent. Neither pathway was significantly favored when the 5'-base was adenine. Overall, our data in Table VI indicated that Dpo4 and possibly all Y-family DNA polymerases use both the A-rule and the lesion loop-out mechanism to select an incoming nucleotide opposite an AP site.
After Dpo4 followed the lesion loopout mechanism to incorporate dCTP into 21-mer/41AP to form 22-C-mer/41AP (Table I) , further elongation of this product could occur either retaining the looped-out AP site or after primer/template realignment (Scheme 1). The preferred nucleotide was expected to form a Watson-Crick basepair with the corresponding template base of each of these two intermediates, e.g. dGTP for the looped-out intermediate while dCTP for the realigned DNA substrate. Interestingly, such a realigned DNA substrate has been crystallized with Dpo4 and an incoming dCTP (see ternary structure Ab-3 (17)). From the measured catalytic efficiencies of the incorporation of these two nucleotides into 22-C-mer/41AP (Table III) , we calculated the efficiency ratio of 5.2 and a realignment percentage of 16.1% (Table V) . These values indicated that the looped-out branch pathway was preferred over the realignment branch pathway at this position. This preference was more significant for downstream nucleotide incorporations (Table V) , suggesting the looped-out AP lesion will remain extrahelical until the primer is fully extended. The A-rule intermediates, which possessed an intrahelical AP site, were also stabilized by downstream incorporation events (Supplementary Table I ). On the basis of our kinetic data, we proposed several major pathways in Scheme 1 for the AP lesion bypass catalyzed by Dpo4. The pathways in Scheme 1 also apply to AP-1 and AP-8 although the pathway preference varied depending on the base 5' to the AP site (Table  VI) . Notably, many other possible pathways were not included in Scheme 1 due to their reduced kinetic partitioning. However, the totality of possible bypass pathways implied by the kinetic partitioning of each incorporation event strongly suggested that the AP lesion will cause numerous downstream mutations during primer elongation (see discussion below).
Insignificant effect of an AP lesion on the affinity of the Dpo4•DNA binary complex
A plausible explanation for the pausing observed in the vicinity of the AP lesion during processive synthesis by Dpo4, could involve a dramatically reduced affinity of Dpo4 for the AP-containing DNA substrate. Although an AP site does not affect the global B-form conformation of DNA (29, 36) numerous studies have shown significant structural aberrations in the immediate vicinity of an AP lesion (29, 31, 36, 37) . The resulting bending and kinking of the duplex DNA and disruption of the hydrogen bonding network proximal to the lesion (38) may be significant enough to disrupt contacts within the Dpo4 binding pocket, potentially accounting for the observed pausing. However, the measured affinity for the Dpo4•DNA binary complex was only modestly affected (2-to 4-fold) at the two strong pause sites, while the K d values at the flanking nonpause/weak pause sites were indistinguishable from those of control DNA substrates (Table II) . Interestingly, our study concluded that the mechanism of bypass of an AP site by Dpo4 competed between incorporation of dATP (A-rule) and incorporation directed by the template base 5' to the AP site (lesion loop-out mechanism). Notably, when bypass was directed by the latter mechanism, a looped-out AP site required accommodation in the Dpo4 active site. A series of ternary structures of Dpo4 showed that single-base bulges in the template can be inserted into the gap between the finger and little finger domain while extrahelical bases in the primer can fit in the DNA minor groove due to the unusually small finger and thumb domains (17) . These structural observations are consistent with our quantitative results and help justify why Dpo4 binding to the AP site was not the cause of intermediate product accumulation in Fig.1B .
Kinetic mechanism for Dpo4 pausing
Our systematic pre-steady kinetic analysis demonstrated that Dpo4 pausing was due to a significantly reduced catalytic efficiency (k p /K d ) near the AP lesion. Comparisons of the k p /K d for the two preferred incorporations opposite the AP site versus matched nucleotide incorporation into undamaged DNA (3) revealed decreases in k p /K d of 2,560-fold (dATP, the A-rule) and 2,020-fold (dCTP, the lesion loop-out mechanism), indicating the extension of the DNA substrate 21-mer/41AP was slow. In contrast, the production of this substrate from 20-mer/41AP was as efficient as for undamaged DNA (Fig.4A ) thus resulting in 21-mer accumulation (Fig.1B) . Similarly, the elongation of 22-mer/41AP was difficult because even the most efficient nucleotide (dGTP) was incorporated into the most probable 22-mer/41AP substrate with 230-fold lower efficiency than into undamaged control DNA (Table III, (3)), leading to strong accumulation of 22-mer in Fig.1B . Following the two strong pause sites, the catalytic efficiencies of downstream incorporation events were also lowered, but gradually normalized, regardless of the bypass pathway (Fig.4) .
The aforementioned reduction of nucleotide incorporation efficiency at the two strong pause sites was mainly due to significantly slower k p values, with respective decreases in the k p values via the A-rule and the lesion loop-out mechanism pathways of approximately 1,070-fold and 100-fold (Table  III) at the first pause site and 50-fold and 130-fold (Table III) at the second pause site relative to undamaged DNA (3). Considering the two proposed mechanisms for AP site bypass in Scheme 1, the slow k p values observed opposite the lesion were justified. Incorporation via the A-rule most likely proceeded by means of nontemplated incorporation of dATP that was stabilized in the ground-state by stacking interactions with the primer 3'-terminal base (adenine in our case). The lack of viable hydrogen bonding contacts between the incoming nucleotide (dATP) and this noncoding lesion precluded turnover rates on the same order as observed for matched nucleotide incorporation into undamaged DNA. In this respect, extension from this incorporation event (i.e. 22-Amer/41AP) was also relatively slow (Table III) because once incorporated, structure analysis shows the adenine at the primer terminus shifts toward the template strand and stacks with the preceding bases of both strands (17) . This inward shift of adenine in the primer strand increases the distance between the 3'-OH and the α-phosphate of the next incoming nucleotide (dCTP in structure Ab-3 (17)) to 7 Å. This is beyond the 3.4 Å observed for an optimum catalytically active DNA polymerase ternary complex (39), therefore retarding catalysis. A similar rate reduction was observed for incorporation via the lesion loopout mechanism which involved a shift of the downstream template strand into the active site generating an extrahelical AP site in which structural studies suggest the distance between the 3'-OH and the α-phosphate of the incoming dCTP is > 4 Å (17). X-ray crystal structure studies reveal that Dpo4 can form different types of ternary structures when it bypasses an AP site (17) , suggesting that damaged DNA may not be bound specifically at the Dpo4 active site. Further interrogation into this hypothesis revealed biphasic kinetics for the incorporation of both dATP and dCTP (21-mer/41AP DNA substrate) opposite the AP site. The biphasic kinetic trace (Fig.5) showed a fast phase of nucleotide incorporation with a low reaction amplitude followed by a slow phase of nucleotide incorporation with a significantly higher amplitude, thus suggesting the existence of two Dpo4-bound species: a productive ternary complex E•D n P •dNTP (D n P denotes productively bound DNA) that was competent for catalysis and a separate nonproductive ternary complex E•D n N •dNTP that was slowly converted to E•D n P •dNTP or simply dissociated (Scheme 2). In contrast, nucleotide incorporation into the nonpause site 20-mer/41AP substrate (data not shown) showed only a fast phase with a rate constant of 7.0 s -1 , suggesting that the large slow phase and the significantly smaller 'fast' phase observed opposite the AP site contributed to strong Dpo4 pausing in Fig.1B . Interestingly, since the assay in (Table III) . Similarly, the total contribution of the fast phase [(0.24 s -1 ) x (23.7% reaction amplitude)] and the slow phase [(0.0005 s -1 ) x (60.7% reaction amplitude)] generated a rate constant of 0.0571 s -1 which was similar to the k p of 0.079 s -1 (Table III) for dCTP incorporation. There was inherently more error in the latter calculation because the assay was performed at a subsaturating concentration of dCTP (1,200 µM) and as such the fast phase reaction amplitude was likely underestimated (K d = 1,453 µM for dCTP incorporation into 21-mer/41AP). Since the k p was the primary determinant in the overall contribution to the catalytic efficiency, and that the catalytic efficiency was responsible for Dpo4 pausing (see above discussion), these data suggested that since the rate constant for the fast phase (~0.25 s -1 ) was similar for both dATP and dCTP incorporation, the relative population of productively bound complex (5.7% versus 23.7%) brought about the preference for dCTP over dATP incorporation opposite the AP site (Table VI) . This preference for productive ternary complex containing dCTP was most likely due to the fact that while extrahelical and intrahelical AP sites are in equilibrium in solution, a bulged AP site is more thermodynamically favorable especially when flanked by purines (40) . In this example, the AP site was flanked by one pyrimidine and one purine (3'-PyXPu-5') and in this sequence context, the lesion loop-out mechanism was preferred by ~2-fold. Interestingly, when we change the 5' template base to adenine (3'-PyXPu-5') and cytosine (3'-PyXPy-5') we observed a preference for the A-rule (no AP collapse) only in the latter context (~4-fold), which contained two flanking pyrimidines which are known to poorly base stack. This suggested that the identity of the flanking template bases may play an important role in influencing the mechanism by which Dpo4 prefers to bypass an AP site. Although the second strong pause site was not assayed to determine if it too was characterized by biphasic kinetics, similar results were expected since this strong pause site was also characterized by a significant accumulation of intermediate product, again suggesting the existence of nonproductive complex.
Interestingly, the effect of the AP site on the ground-state binding affinity (K d ) of the two preferred dNTPs at these the first pause site (Table III) only decreased 2.4-to 20.8-fold with respect to matched nucleotide incorporation (3) . This decrease (on average, 11.6-fold) in K d corresponded to a free energy change (∆∆G) of 1.51 kcal/mol. While these K d differences were similar to the differences on undamaged DNA (3), they were also similar in magnitude to the decreases observed for preferred incorporation catalyzed by yeast Polη opposite a cis-syn T-T dimer (11) and an 8-oxodG (10) with respect to matched incorporation on undamaged DNA, where differences in K d values varied from 1.8-to 4.6-fold (∆∆G = 0.41 kcal/mol and 0.82 kcal/mol) opposite the 5' thymine and 3' thymine respectively and 2.1-fold (∆∆G = 0.43 kcal/mol) for incorporation opposite 8-oxodG. On the other hand, high fidelity replicative polymerases like human DNA polymerase γ, have significantly higher values for ∆∆G (∆∆G = 4.0 kcal/mol) due to the greater discrimination between matched and mismatched nucleotides in the ground-state attributed to more stringent fidelity checking mechanisms (41) . These results suggested that the contribution from the active sites of Dpo4, yeast Polη, and most likely all Y-family polymerases, in selecting the incoming nucleotide in the ground-state when bypassing a DNA lesion is quite insignificant. The deficiency in specific interactions of Dpo4 with the incoming nucleotide in the groundstate suggested that nucleotide selection depended on its ability to stack with the base at the 3' end of the primer (A-rule) or to form Watson-Crick basepairing with the downstream template base (lesion loop-out mechanism). The base stacking effect was justified based on a 20-fold decrease in the K d value from dPTP to dATP (Table III) incorporation due to the superior aromatic π-stacking capabilities of dPTP relative to dATP, the best stacking natural nucleotide (26, 42) . Additionally, the stacking power of dPTP also facilitated catalysis by significantly increasing its k p value over those of dNTPs (Table III) .
Strong pause sites are mutational hot spots Before Dpo4 encountered the AP site, our kinetic data with 20-mer/41AP (Supplemental Table IV ) suggested that the fidelity and likely the mechanism of nucleotide incorporation was equivalent to that reported for undamaged DNA (3, 8) yet this mechanism vastly differed opposite the lesion (Scheme 2) and at several downstream bases. When opposite the AP site, our kinetic data (Table III) predicted that Dpo4 can insert each of the four dNTPs although the incorporation percentages of dCTP (56.8%) and dATP (32.6%) were significantly higher due to the lesion loop-out mechanism and the A-rule, respectively. These data further suggested that bypass of an AP lesion by Dpo4 will cause either a '-1 frameshift' or randomized substitutions. Moreover, our kinetic data suggested that substitution events occurred when Dpo4 extended these bypassed intermediates, especially 22-C-mer/41AP and 22-Amer/41AP in which two dNTPs were preferentially incorporated (Table III) . Thus, our pre-steady state kinetic analysis predicted that the two strong pause sites in Fig.1B were mutational hot spots and that the embedded AP lesion lowered downstream incorporation preference, but gradually normalized (Supplementary Tables I and II) . If these kinetic predictions are confirmed in vivo, bypassing AP lesions by Dpo4 or any Yfamily member will be detrimental to genetic stability and thus would require tight cellular regulation. a X designates an AP site. N designates a template T or G corresponding to primers containing A or C, respectively, located twenty-two nucleotides from the 5′ end of the primer. Table I ), A in AP-1, and C in AP-8.
Figure Legends
